Abstract. The abnormal proliferation of vascular smooth muscle cells (VSMCs) in arterial wall is an important pathogenic factor for vascular disorders such as atherosclerosis and restenosis after angioplasty. The present study was designed to investigate the inhibitory effects of docetaxel on VSMC proliferation, as well as the molecular mechanism of this inhibition. Docetaxel at 10, 20 and 40 μM significantly inhibited both the proliferation and the DNA synthesis of fetal bovine serum (FBS)-and platelet-derived growth factor (PDGF)-BB-stimulated VSMCs in a concentration-dependent manner. In accordance with these findings, docetaxel blocked the FBS-and PDGF-BB-induced progression of synchronized cells through the G0/G1 phase of the cell cycle. Docetaxel also decreased the expressions of cell cycle-related proteins, including cyclin-dependent kinase (CDK) 2, cyclin E, CDK4, cyclin D1, retinoblastoma protein, and proliferative cell nuclear antigen in PDGF-BB-stimulated VSMCs. Docetaxel significantly inhibited the phosphorylation of extracellular signal-regulated kinase 1/2, Akt, and phospholipase C-γ1, downstream molecule in the PDGF-BB signaling pathway. Docetaxel suppressed the phosphorylation of PDGF receptor (PDGF-R) β, the upstream molecule in PDGF-BB signaling cascade, suggesting that the inhibitory effect of docetaxel on the proliferation of VSMCs may occur by blocking PDGF-Rβ phosphorylation. Thus, docetaxel may be a potential antiproliferative agent for the treatment of atherosclerosis and angioplasty restenosis.
Introduction
Cardiovascular diseases are associated with a multitude of pathophysiological conditions such as inflammation, pulmonary hypertension, and coronary artery restenosis following balloon angioplasty (1) . In a normal artery, vascular smooth muscle cells (VSMCs) are in a non-proliferative quiescent state and express a differentiated contractile phenotype. After a vascular injury occurs, VSMCs dedifferentiate and re-enter the cell cycle. Injuries that induce this change include direct physical trauma, angioplasty, hypertension, and shear stress. This dedifferentiated phenotype plays a major pathophysiologic role in the development of atherosclerosis, restenosis after angioplasty or bypass, and hypertension (2) . Under the influence of growth factors and cytokines, VSMCs adapt to a synthetic phenotype, commence proliferation, and then migrate across the intimal layer.
Although many growth factors and cytokine are involved in the proliferation of VSMCs, one of the principal regulators of mitogenesis in VSMCs is platelet-derived growth factor (PDGF) (3) . PDGF is produced by activated macrophages, VSMCs, and endothelial cells; and it consists of three isoforms (AA, AB, BB). PDGF-BB is a considerably more potent as a proliferative stimulus for VSMCs than PDGF-AA (4) . The PDGF-BB-induced mitogenesis signaling pathways have been well characterized. The binding of PDGF-BB to the PDGF receptor (PDGF-R) leads to PDGF-R phosphorylation on multiple tyrosine residues. Then, it activates the extracellular signal regulated kinase (ERK) 1/2, phospholipase C (PLC)-γ1, and phosphatidylinositol 3-kinase (PI3K) / Akt pathways, resulting in cell cycle progression (5) . The upregulations of PDGF and its receptor are associated with the development and progression of cardiovascular diseases such as hypertension (6) and atherosclerosis (7) . Therefore, the inhibition of VSMC proliferation by regulation of the PDGF signaling pathway could be a key pharmacological strategy for the prevention of atherosclerosis. Docetaxel ( Fig. 1 ), a microtubule-stabilizing agent, has been approved for the treatments of breast and prostate cancers and small cell carcinoma of the lung (8) . Docetaxel promotes microtubulin assembly and stabilizes the polymers against depolymerization, thereby inhibiting microtubule dynamics (9) . Docetaxel and paclitaxel bind to β tubulin, which leads to cell-cycle arrest (10) . Docetaxel is approximately 2-fold more potent than paclitaxel as a tubulin assembly promoter and microtubule stabilizer (11) . Paclitaxel has been shown in numerous studies to exhibit beneficial effects on the control of atherosclerosis and heart disease (12, 13) . Thus, docetaxel may also affect vascular diseases through the regulation of smooth muscle cell proliferation.
In the present study, we sought to elucidate the antiproliferative activity and the mechanistic target of docetaxel in the PDGF-BB-stimulated signaling pathway. Our findings provide evidence that docetaxel can inhibit both VSMC proliferation and cell cycle progression via the cell cycle-related proteins by regulating PDGF-Rβ in VSMCs.
Materials and Methods

Cell culture
Rat aortic VSMCs were isolated by enzymatic dispersion using a slight modification of the method reported by Chamley et al. (14) . Briefly, the cells were cultured in Dulbecco's Modified Eagle's Media (DMEM) supplement with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 mg/mL streptomycin, 8 mM HEPES [N-(2-hydroxyethyl)piperazine-N-(2-ethanesulfonic acid)], and 2 mM L-glutamine (all obtained from Gibco-BRL, Gaithersburg, MD, USA) at 37°C in a humidified 5% CO 2 incubator. Passages 5 -9 of the VSMCs were used in this study.
Cell proliferation and DNA synthesis
Cell proliferation and DNA synthesis were determined as previously described (15) . In brief, VSMCs were seeded into 12-well culture plates at 4 × 10 4 cells/mL and then cultured in DMEM containing 10% FBS at 37°C for 24 h until 70% confluence. The medium was then replaced by serum-free media containing docetaxel (Sigma Chemical Co., St. Louis, MO, USA; dissolved in dimethyl sulfoxide (DMSO) and added to DMEM to a maximum final concentration of 0.05%) for 24 h. Cells were stimulated with 5% FBS or 25 ng/mL PDGF-BB (Upstate Biotechnology, Lake Placid, NY, USA) for 24 h, trypsinized with trypsin-EDTA, and counted using a hemocytometer. For [ 3 H]thymidine incorporation experiments, VSMCs were seeded on 24-well culture plates at 5000 cells/well and then allowed to grow for 3 -4 days in DMEM. The medium was then replaced with serumfree media, which consisted of DMEM containing various concentration of docetaxel (10 -40 μM) . After 24 h, the cultures were exposed to 5% FBS or 25 ng/mL PDGF-BB for 20 h before adding 1 μCi/well [ 3 H]thymidine (Amersham Pharmacia Biotech, Buckinghamshire, UK) to the medium. Four hours later, the labeling reaction was terminated by aspirating the medium and subjecting cultures to sequential washes on ice with 1 × phosphatebuffered saline (PBS) containing 10% trichloroacetic acid and ethanol/ether (1:1 v/v). Acid-insoluble [ 3 H] thymidine was extracted into 250 μL of 0.5 M NaOH per well, and 100 μL of the extract was mixed with a liquid cocktail (UltimaGold; Packard Bioscience, Shelton, CT, USA) and counted in a scintillation counter (model LS3801; Beckman, Krefeld, Germany).
Cell cycle progression analysis
The cell cycle phase was determined as previously described (15) . VSMCs were seeded into 6-well culture plates at 1 × 10 5 cells/mL and then cultured in DMEM containing 10% FBS at 37°C for 24 h until 70% confluence. The medium was then replaced with serum-free media containing docetaxel (10 -40 μM) . Cells were stimulated with 5% FBS or 25 ng/mL PDGF-BB for 24 h, trypsinized, and then centrifuged at 1500 × g for 7 min. The obtained pellets were suspended in 1 mL of 1 × PBS, washed twice, and re-centrifuged. The pellets were suspended in 70% ethanol and fixed overnight at 4°C. The fixed VSMCs were briefly vortexed and centrifuged at 15,000 × g for 5 min. The ethanol was discarded and the pellets were stained with 0.4 mL of propidium iodide (PI) solution (50 μg/mL PI in buffer containing 100 μg/mL of RNase A). Samples were incubated for 1 h at room temperature before analysis by flow cytometry. The PI-DNA complex in each cell nucleus was measured using a FACSCalibur (BD Biosciences, San Jose, CA, USA). The proportion of cell in G0/G1, S and G2/M phases were determined using the computer program ModFitLT (Verity Software House, Topsham, ME, USA).
Western blot analysis
The immunoblotting of VSMCs was performed as previously described (15) . Briefly, VSMCs were seeded into 6-well culture plates at 1 × 10 5 cells/mL and then cultured in DMEM containing 10% FBS at 37°C for 24 h until 70% confluence. The medium was then replaced by serum-free medium containing docetaxel (10 -40 μM) . Cells were stimulated with 25 ng/mL PDGF-BB for 24 h and then trypsinized and lysed. The harvested pellets were lysed, and the protein of interest was resuspended in a protein lysis buffer. The cell lysates were separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (10% -15% acrylamide gels) and then transferred to PVDF membranes (Amersham Pharmacia Biotech). The membranes were then incubated with a 1:1000 dilution of the following antibodies: phospho-PDGF-Rβ, phospho-ERK1/2, phospho-Akt, phospho-PLC-γ1, PDGF-Rβ, ERK1/2, Akt, PLC-γ1, phospho-Rb (all from Cell Signaling Technology Inc., Beverly, MA, USA) and proliferative cell nuclear antigen (PCNA), cyclin-dependent kinase (CDK) 2, CDK4, cyclin D 1 , and cyclin E (all from Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). The blots were washed with TBS/T and then incubated with a 1:5000 dilution of horseradish peroxidase-conjugated IgG secondary antibody (New England Biolabs, Ipswich, MA, USA). The proteins were detected using a chemiluminescent reaction (ECL plus kit; Amersham Pharmacia Biotech), followed by exposure of the membranes to Hyperfilm ECL (Amersham Pharmacia Biotech). The band intensities were quantified using Scion-Image Software for windows.
Statistical analysis
The experimental results are expressed as means ± S.E.M. One-way analysis of variance (ANOVA) was used for multiple comparisons (Prism version 4.00 for Windows; GraphPad Software, San Diego, CA, USA). If there was a significant variation between treated groups, the Dunnett test was applied. The data were considered significant when P < 0.05.
Results
Inhibitory effects of docetaxel on proliferation and DNA synthesis of VSMCs
VSMC proliferation plays an essential role in the development of cardiovascular diseases (16) . To determine whether docetaxel inhibits FBS-and PDGF-BB-stimulated VSMC proliferation, we assessed the antiproliferative activities of docetaxel by direct cell counting and [ 3 H]thymidine incorporation. The increase in the number of VSMCs induced by FBS and PDGF-BB was significantly inhibited by docetaxel in a concentration-dependent manner. The inhibition of FBS-stimulated cell proliferation by docetaxel at 10, 20, and 40 μM was approximately 21.6% (n = 4), 60.8% (P < 0.01, n = 4), and 90.2% (P < 0.01, n = 4), respectively; and the inhibition of PDGF-BB-induced cell growth was 10.1% (n = 4), 62.9% (P < 0.01, n = 4), and 88.9% (P < 0.01, n = 4), respectively ( Fig. 2: A and C) . The level of [ 3 H]thymidine incorporation into the DNA was also measured as an index of cell proliferation. Treatment of VSMCs with either 5% FBS or 25 ng/mL PDGF-BB caused a significant increase in the level of [ 3 H]thymidine-labeled DNA synthesis. Docetaxel at 10, 20, and 40 μM inhibited this DNA synthesis by 55.6% (P < 0.01, n = 4), 78.5% (P < 0.01, n = 4), and 94.5% (P < 0.01, n = 4), respectively, in FBS-stimulated cells and by 47.1% (P < 0.01, n = 4), 74.8% (P < 0.01, n = 4), and 99.5% (P < 0.01, n = 4) in PDGF-BB-induced cells (Fig.  2: B and D) . Since antiproliferative is often accompanied by cytotoxicity, we also measured the cytotoxic effects of docetaxel on VSMCs and human umbilical vein endothelial cells and found no evidence of cytotoxicity at 40 μM ( Supplementary Fig. 1 : available in the online version only). Therefore, our results indicate that docetaxel inhibits FBS-and PDGF-BB-induced VSMCs proliferation without cytotoxicity.
Docetaxel-induced G0/G1 phase arrest in cell cycle progression
We analyzed the effects of docetaxel on cell cycle progression by using flow cytometry analysis. A concentration-dependent increase in the cell population in the G1 phase of the cell cycle and a concentration-dependent decrease in the cell population in the S phase of the cell cycle were observed after addition of docetaxel (10 -40 μM) to FBS-or PDGF-BB-stimulated VSMCs. The serum-deprivation of VSMCs for 24 h resulted in an approximately 2.8 ± 1.4% synchronization of the cell cycle in the S phase. FBS or PDGF-BB treatment of the VSMCs increased the S phase population to 27.3 ± 2.2% and 14.5 ± 1.2%, respectively, at 24 h. However, docetaxel at 10, 20, and 40 μM reduced the cell population in the S phase to about 19.6 ± 3.5% (P < 0.01, n = 3), 12.3 ± 2.7% (P < 0.01, n = 3), and 4.5 ± 1.4% (P < 0.01, n = 3) and to about 10.4% (P < 0.05, n = 3), 6.9% (P < 0.01, n = 3), and 3.4% (P < 0.01, n = 3), respectively, in FBS-or PDGF-BB-stimulated cells (Fig. 3) .
Inhibitory effects of docetaxel on G0/G1 phase regulatory proteins
Docetaxel arrested PDGF-BB-stimulated VSMCs in the G0/G1 phase of the cell cycle (Fig. 3) . At 24 h after stimulation of the cells with PDGF-BB, there was an increase in the expression of CDK2, cyclin E, CDK4, and cyclin D1, whereas the pretreatment of VSMCs with docetaxel at 40 μM significantly inhibited the increased expression by 72.0% (P < 0.01, n = 3), 59.0% (P < 0.01, n = 3), 57.7% (P < 0.01, n = 3), and 56.3% (P < 0.01, n = 3), respectively (Fig. 4) . Docetaxel at 10, 20, and 40 μM inhibited both the phosphorylation of Rb, a regulatory protein in the G1/S phase by 34.7% (P < 0.01, n = 3), 53.0% (P < 0.01, n = 3), and 74.7% (P < 0.01, n = 3) and inhibited the expression of PCNA, a phosphoRb-mediated gene product, by 10.4% (n = 3), 14% (n = 3), and 52.6% (P < 0.01, n = 3), respectively. Therefore, docetaxel may regulate the activity of G0/G1-checkpoint proteins, leading to the cell cycle arrest in VSMCs.
Inhibitory effects of docetaxel on ERK1/2, Akt, and PLC-γ1 phosphorylation
Phosphorylation of ERK1/2, Akt, and PLC-γ1 is as- sociated with PDGF-induced cell proliferation in VSMCs. Docetaxel inhibited PDGF-BB-induced ERK1/2, Akt, and PLC-γ1 phosphorylation in a concentration-dependent manner. Docetaxel inhibited ERK1/2 phosphorylation induced by PDGF-BB in a concentrationdependent manner, with inhibition of 34.5% (P < 0.05, n = 3), 47.5% (P < 0.05, n = 3), and 88.9% (P < 0.01, n = 3) at 10, 20, and 40 μM (Fig. 5A) . Docetaxel also suppressed Akt phosphorylation induced by PDGF-BB by 27.8% (P < 0.05, n = 3), 38.2% (P < 0.05, n = 3), and 78.4% (P < 0.01, n = 3) at doses of 10, 20, and 40 μM, respectively (Fig. 5B) . Similarly, PDGF-BB-induced PLC-γ1 phosphorylation was decreased by 15.8% (n = 3), 38.2% (P < 0.05, n = 3), and 87.6% (P < 0.01, n = 3) at doses of 10, 20, and 40 μM, respectively (Fig. 5C ). U0126 (ERK1/2 inhibitor, 10 μM), LY294002 (Akt inhibitor, 50 μM), and U73122 (PLC inhibitor, 10 μM) were used as a positive control and inhibited PDGF-BBinduced ERK1/2, Akt, and PLC-γ1 phosphorylation. In addition, inhibition of ERK1/2, Akt, or PLC-γ1 prevented PDGF-BB-induced DNA synthesis of VSMCs (Supplementary Fig. 2 : available in the online version only). These results indicated that docetaxel inhibition of cell proliferation may occur through its effect on a PDGFmediated signaling pathway.
Inhibitory effect of docetaxel on PDGF-Rβ phosphorylation
Docetaxel inhibited the downstream components of the PDGF-BB signaling pathway, including ERK1/2, Akt, and PLC-γ1 phosphorylation (Fig. 5) . Thus, PDGF-Rβ phosphorylation may be a target for docetaxel and lead to the inhibition of VSMC proliferation. Pretreatment with docetaxel significantly inhibited PDGF-Rβ tyrosine phosphorylation induced by PDGF-BB by 44 .5% (P < 0.01, n = 3), 79.9% (P < 0.01, n = 3), and 91.4% (P < 0.01, n = 3) at doses of 10, 20, and 40 μM, respectively (Fig. 6 ). AG1295, a selective inhibitor of PDGF-Rβ tyrosine phosphorylation, also prevented PDGF-BB-induced VSMCs proliferation as well as the phosphorylation of ERK1/2, Akt, and PLC-γ1 (Supplementary Fig. 3 : available in the online version only). These results indicate that docetaxel may inhibit VSMCs proliferation by blocking PDGF-Rβ activation.
Discussion
VSMCs are major components of the arterial wall, and abnormal proliferation of VSMCs plays a pivotal role in the pathogenesis of atherosclerosis (16) . In atherosclerotic lesions, VSMCs are exposed to mitogenic substances such as PDGF (17, 18) . In studies of rabbits, birds, rats, and humans, increases in PDGF after arterial injury have been correlated with neointimal cellular proliferation (19 -22) , demonstrating an association between VSMC proliferation and PDGF. Therefore, an inhibition of VSMCs proliferation is a potentially impor- . The cells were lysed, and proteins were quantified using 7.5% -10% SDS-PAGE and immunoblotting. Quantification of band intensities from 3 independent experiments was performed with densitometry. Data are shown as the mean ± S.E.M. (n = 3) from 3 experiments performed for the expression of phospho-ERK1/2 / total-ERK1/2, phospho-Akt / total-Akt, and phospho-PLC-γ1 / total-PLC-γ1. *P < 0.05 and **P < 0.01 vs. the PDGF-BB stimulation alone.
tant therapeutic strategy for the treatment of cardiovascular diseases (23) . We investigated the antiproliferative effect of docetaxel on VSMCs and the mechanism of this effect. Docetaxel inhibited VSMC proliferation and DNA synthesis (Fig. 2) , as paclitaxel does (24, 25) . In addition, the antiproliferative activity of docetaxel was associated with cell cycle arrest in the G0/G1 phase (Fig. 3) . Cell cycle progression is tightly controlled by a series of positive and negative regulators that act at sequential points throughout the cell cycle. CDKs play a central role in the cell cycle and promote the G-to-S phase transition by phosphorylation of the Rb protein (26) . CDK2 and CDK4 mediate G0/G1-to-S phase progression of the cell cycle by forming complexes with cyclin A, E, and D1 (27 -29) . The CDK/cyclins complex phosphorylates a large number of proteins, resulting in hyperphosphorylation of Rb, that promote DNA synthesis (30) . The inhibition of pRb phosphorylation by docetaxel correlated well with the inhibition of PDGF-BB-stimulated cell proliferation, DNA synthesis, and cell cycle progression (Fig. 4) (31) . Expression of cell cycle regulatory proteins CDK2, cyclin E, CDK4, and cyclin D1 decreased after VSMCs were exposed to docetaxel (Fig. 4) , indicating that cell cycle arrest in the G0/G1 phase might be due to the down-regulation of CDKs/cyclins complex expression and pRb phosphorylation (30) . The expression of PCNA, a gene product induced by phospho-Rb that is expressed in the early G0/G1 and S phase of the cell cycle, was also inhibited by docetaxel (Fig. 4) . ERK1/2, Akt, and PLC-γ1 are downstream components of the PDGF signaling pathway. PDGF-BB potently activates mitogen-activated protein kinase (MAPK) by triggering RAS-RAF activation, which activates MEK, which then phosphorylates ERK1/2 in VSMCs. MAPKs, such as ERK1/2 and JNK, are important players in the early intracellular mitogenic signal transduction for cell growth and have been implicated in the proliferation and migration of various cell types, such as L6 myoblasts and NIH3T3 fibroblasts induced by PDGF-BB (32, 33) . PI3K/Akt is triggered by PDGF-BB, and this pathway is involved in the anti-apoptotic effect of PDGF-BB in VSMCs (34) . PLC-γ1 mediates a central downstream signal transduction route for various growth factors, including PDGF-BB (35) . Docetaxel inhibited the PDGF-BB-induced ERK1/2 activation (Fig. 5A ), indicating that EKR1/2 protein may be related to the antiproliferative activity of docetaxel. ERK1/2 was induced after arterial injury in rats (36) , and either an ERK1/2 inhibitor (37) or the gene transfer of an ERK1/2 dominant-negative mutant (38) can suppress VSMC proliferation and block neointimal formation in balloon-injured arteries. Docetaxel produced a marked decrease in the PDGF-BBstimulated phosphorylation of Akt and PLC-γ1 (Fig. 5 : B and C). PDGF-BB binding to PDGF-Rβ is associated with autophosphorylation, clustering, and activation of PDGF-R tyrosine kinase (39) . Docetaxel inhibited PDGF-Rβ phosphorylation (Fig. 6 ), in agreement with other studies showing that docetaxel inhibits PDGF-R phosphorylation in peripheral blood leukocytes and prostate cancer (40, 41) . Thus, PDGF-Rβ might be a potential target for docetaxel.
PDGF-R expression is upregulated during endothelial injury after angioplasty or in the early stage of atherosclerosis, whereas its expression is at low levels in arteries from healthy adults (42) . Targeting PDGF with an anti-PDGF antibody or using inhibitors of PDGF signal transduction suppresses neointimal development (43 -45) . There are a couple of drugs that target PDGF-Rβ. Imatinib mesylate, an antitumor agent, was developed with the aim of preventing restenosis after coronary angioplasty through the inhibition of abnormal PDGF-R activation (46) . In clinical trials, trapidil, a nonspecific PDGF-R inhibitor, can inhibit the stenosis caused by vascular injury (47) . Docetaxel may also prove to be a potential therapeutic agent for the prevention, possibly, treatment of atherosclerosis. The cells were lysed, and proteins were analyzed using 7.5% SDS-PAGE and immunoblotting. The total PDGF-Rβ was used for normalization. After densitometric quantification, the data were expressed as the mean ± S.E.M. (n = 3). **P < 0.01 vs. the PDGF-BB stimulation alone.
Our results indicate that the inhibition of PDGF-Rβ expression stimulated by PDGF-BB may have contributed to the inhibition of VSMC proliferation by docetaxel, although the molecular mechanism through which docetaxel inhibits VSMC proliferation has yet to be fully clarified. There are mainly two possibilities in response to inhibition of PDGF-Rβ phosphorylation by docetaxel. One is that docetaxel may incorporate into the cell surface membranes, and then it reacts with PDGF-BB, causing it to react with non-receptor sites, resulting in a reduced PDGF binding to the respective receptors (48) . Another possibility is that docetaxel may induce conformational changes at the ATP-binding sites involved in PDGF-R autophosphorylation, thereby inhibiting PDGFmediated PDGF-R autophosphorylation (49) . Inhibitors of PDGF signaling have successfully conferred resistance to the pathological processes associated with proliferative diseases such as atherosclerosis (50) . Sirois et al. demonstrated that inhibition of PDGF-Rβ suppressed intimal thickening in the rat carotid artery following balloon injury (44) . Administration of antibodies to PDGF-Rβ induced intimal atrophy in a baboon graft model (51) . These observations support the pathogenic role of PDGF-Rβ in proliferative vascular diseases (52) .
In summary, our study demonstrated that docetaxel inhibits PDGF-BB-induced VSMC growth and arrests cell cycle through inhibition of the PDGF-Rβ pathway. This beneficial property of docetaxel may make it a potential candidate for preventing or treating vascular diseases and restenosis after angioplasty.
